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INTRODUCTION
Renewable energy has been widely used throughout the world as a substitute for fossil fuels due to its ecological advantages. Geothermal energy, one of the renewable energy types, has no environmental problems, and it can be used at any time regardless of a weather condition. The ground-source heat pump (GSHP) system utilizes a relatively constant ground temperature to discharge heat in summer and to obtain heat in winter for heating and cooling, respectively. The GSHP system can be divided into a closed type system and an open type system. The closed-type system can be vertical or horizontal, depending on the installation method. The vertical system uses vertically installed ground heat exchangers (GHEs) in which circulating fluid flows in the pipe embedded in the ground to a depth of 150~200 m. This system can demand high initial construction costs because of deep boreholes. The horizontal system can be used as an alternative to the vertical system. Since GHEs in the horizontal system are installed at shallow depths of 1~3 m parallel to the ground surface, it does not need boring costs which are more expensive than excavation costs in the installation process of the horizontal system. However, despite the huge economic benefits of the horizontal system, it is not widely used in comparison with the vertical system due to a great deal of required land space in the HGHEs. As a solution to this problem, a horizontal spiral configuration can be optimized to minimize the installation area of GHE.
While previous studies regarding a horizontal spiral-coil type GHE showed its better efficient performance [1, 2] , there have not been yet studies considering thermal performance according to a pitch variation. A coil pitch denotes the distance between the center of spiral rings, and it is a critical factor to determine the thermal performance of GHE. As shown in Fig 1. , if the coil pitch is too small, the thermal performance efficiency decreases due to thermal interference while the large coil pitch is not advantageous for heat exchange with surrounding ground. Accordingly, it is important to decide an advantageous pitch in the design of a horizontal spiral-coil type GHE.
Thus, the thermal performance of a horizontal spiral-coil type GHE according to pitch variation through a numerical analysis was carried out in order to suggest a beneficial pitch of the horizontal spiral-coil type GHE. 
Description
Prior to conducting a numerical analysis, a laboratory thermal response test (TRT) was performed to verify the reliability of the numerical analysis. Principle of the laboratory TRT is to monitor the circulating fluid temperatures of the inlet and outlet GHE and to measure the thermal performance of GHE or a nearby ground temperature change. In this study, for comparison of a thermal performance of the GHE, the heat exchange rate of the GHE was calculated by Eq. (1).
where ṁ refers to the flow rate of the fluid, is the specific heat capacity at a constant pressure, Tin is the inlet temperature of the fluid, and Tout is the outlet temperature of the fluid.
Test prodedure
The laboratory TRT was conducted with the experimental setup including an electric heater with a circulating pump, a water tank, and a 4-m length spiral-coil shaped polybutylene (PB) heat exchanger. Table 1 show the TRT equipment and specification of the TRT equipment that was used in the test [3] . Besides, in the experiment, a 5m x 1m x 1m steel box filled with dry Joomunjin standard sand ( Table 2 ) was also used to reflect the surrounding ground, while the TRT equipment was installed to supply the circulating water and constant power to the inside of the heat exchanger buried in the ground. The size of the steel box was determined by taking into account the compromise between the sufficiently small to be a lab-scale and large enough for released heat from the GHE not to be disturbed by the end of the box. As the thermal conductivity of the dry Joomunjin standard sand is very low, the volume is large enough for neglecting side effects [4] . Water Content, w (%) 0
The outer and inner diameters of the PB pipe were 20 mm and 16 mm, respectively. In order to measure the temperature change in the surrounding ground, resistance temperature detector (RTD) sensors were installed at 10 cm away from the edge of the GHE. The initial temperature of the Joomunjin sand was 17.5 °C. The thermal properties of materials and the test procedure are shown in Table 3 The laboratory TRT was carried out continuously for 30 hours. In this study, a thermal performance test(TPT) in which the inlet temperature is constant could not be performed using the small-scale steel-box because the thermal conductivity of the sand was so low that the inlet temperature of the circulating water in the TPT could not be constantly maintained. Therefore, the TRTs were conducted with no heat injection, using only the power of the circulating pump, while the heat exchange rates were obtained using Eq. (1) in the same manner as when calculating the heat exchange rate in a TPT. The outlet temperature of the circulating water and the ground temperature change were measured to compare them with the results of numerical analysis.
Numerical study

Description
To investigate the heat transfer from the fluid flow inside of the GHE, heat exchanges between the soil, pipe and circulating fluid flow should be considered simultaneously in the analysis. In this study, a numerical analysis was conducted using a commercial program known as COMSOL Multiphysics 5.2a, which is based on a finite element method (FEM) [5] . The governing equation of the numerical analysis was based on the heat transfer in the ground as expressed in Eq. (2) [6] . Additionally the heat flow combined with the heat flow through pipe is the energy equation for an incompressible fluid flowing in a pipe as expressed in Eq. (3) [6]. 
where λ i denotes the thermal conductivity, T is the ground temperature, ρ i is the density, c i is the specific heat capacity and q i is the internal heat generation.
where denotes the fluid density, is the specific heat capacity at a constant pressure, is the pipe cross section area, is the fluid temperature, is the tangential velocity of the fluid, and is the fluid thermal conductivity. In addition, denotes the coefficient of friction, is the average hydraulic diameter, and Q represents the heat injection. Friction loss effects was considered with Churchill's friction model, specification of the GHE (circular, diameter), Reynolds number, and surface roughness. The conduction of the fluid was also considered in the analysis by applying the thermal conductivity of the water. Finally, denotes the external heat exchange through the pipe wall which arises from the temperature difference between the pipe wall and the inside of the pipe, and it can be calculated by Eq. (4).
where represents the effective value of the heat transfer coefficient, Z is the wall perimeter of the pipe, is the temperature at the pipe wall, and is the fluid temperature in the pipe. For a circular tube, the effective hZ can be described by Eq. (5). 
where is the thermal conductivity of wall n, and is the outer radius of wall n. Furthermore, and represent the film heat transfer coefficients inside and outside of the tube, respectively. However, in this study, only internal film forced convection was considered in the numerical model because there is no convective heat transfer outside the pipe.
Validation
To verify the reliability of the numerical analysis program, a finite element model was developed under the same conditions as the laboratory test, and then the numerical analysis was performed. The adiabatic conditions were set to the outer edge of the geometry in COMSOL to take into account the side effects. It implies that the initial condition, boundary condition, material properties, geometry and analysis time of the numerical analysis were the same as those in the laboratory TRT. Fig. 3 compares the results of lab test and numerical analysis. In addition, Fig. 4 shows the difference of temperature between COMSOL and the laboratory TRT. modelling results validated the agreement with the experimental results.
Parametric study
Prior to a parametric study, installation depth, flow rate and ground thermal conductivity were selected as representative factors which influence the thermal performance of GHE. Table 4 summarizes the case set up for the parametric study. Numerical models were developed to conduct the parametric study. A cooling condition was assumed and analysis time was 120 hr, which took into consideration 5 working days per week in the summer. In addition, to consider the actual operation time of the GSHP, operating conditions were set to only operate the heat pump from 9 am to 8 pm, the time in which the cooling load occurs during the day. The intermittent operating conditions were described by ceasing the circulating water flow during the rest period, and setting the circulating water flow rate to simulate the operating period (Fig. 5) . Fig. 5 Boundary condition in the case study Furthermore, the inlet temperature of the heat exchanger, which is the entering water temperature (EWT) of the system, was set at 35.4 °C. The material of the heat exchanger was PB (Polybutylene), which is commonly used in GHEs, and the outer and inner diameters of the pipe were 20 mm and 16 mm, respectively. In this study, the total length of the horizontal spiral-coil GHE was kept constant at 40 m for all cases for comparison of thermal performance. Since the total length of the spiral heat exchanger is constant, a change in pitch or spiral diameter means that the horizontal length of the spiral heat exchanger; that is, the required trench length, varies. Then, the numerical analysis was performed for all cases shown in Table 4 when the pitch varies from 0.1, 0.2 ⋯, to 1.2 m. Fig. 6 depicts the finite element model for the case study. Fig. 6 Finite element model for the case study
Results and discussions
From the numerical analysis, the heat exchange rate of each case was obtained to compare the thermal performance according to the pitch variation. Fig. 7 compares the heat exchange rates of each case obtained by the parametric study when the pitch is 0.3 m. Fig. 8 indicates a representative result of the parametric study for the outlet fluid temperature. As a result of the thermal performance evaluation according to the pitch variation, it was found that as the pitch becomes larger, the thermal performance gradually increased but it finally converged. As the pitch of the GHE increases, the heat exchange rate gradually increases up until a point where the effects of the pitch value become negligible and the influence of pitch on the heat exchange rate becomes insignificant.
In this work, a T-test with the assumption of equal variance, which is a statistical significance test, was performed to determine the interval in which the pitch value has no further effect on the heat exchange rate. The T-test is a statistical technique which determines whether the difference in the average of two groups is significant, and whether the factor affects the outcome. If the significance probability (P-value) obtained from the T-test results exceeds a significance level of 0.05, it can be said that there is no statistical significance, and thus it can be concluded that the factor has no effect on the result [7] .
As a result of the T-test, it was confirmed that the pitch only had an effect on the heat exchange rate up to a value of 0.6 m and beyond this value the heat exchange rate was not varied in all cases (Table 5 and Table 6 ). This finding is observed because increasing the pitch gradually reduces the thermal interference effect between the spirals, until the pitch increases to 0.6 m. However, pitch values greater than 0.6 m had no effects on the heat exchange rate. The results are consistent regardless of other factors that affect the thermal performance.
Therefore, it can be concluded that when the pitch of the horizontal spiral heat exchanger is set to 0.6 m, an optimal thermal performance can be achieved with the minimal installation site for the horizontal spiral-coil GHE. 
CONCLUSION
In the present study, the thermal performance of horizontal spiral-coil GHEs according to the pitch was investigated. To achieve the goal, a parametric study was conducted using the commercial program COMSOL Multiphysics 5.2a, which is based on a FEM. Prior to a parametric study, the applicability of numerical program was validated by a laboratory TRT result. Then, the parametric study which took into consideration the pitch variation was conducted with regard to the diverse conditions. The conclusion of the study can be summarized as follows:
•Thermal performance of the horizontal spiral-coil GHE continuously increased with increasing pitch, but it was shown that the degree at which performance increases gradually reduces until the heat exchange rate converges.
•A T-test, a statistical significance analysis, was performed to determine a specific pitch value that no longer has an effect on the heat exchange rate, in addition to the results of each parameteric study. As a result, it was concluded that the pitch does not affect the thermal performance if the pitch exceeds 0.6 m. These same results were derived even when additional changes in the critical influence factors were taken into consideration. 
